The MFR has characteristics distinct from the adjacent magnetosheath and magnetosphere regions. In spite of these differences, the reconstruction result shows that the MFR is connected simultaneously with both the magnetosheath and the magnetosphere in terms of the magnetic vector potential characteristics. This result provides strong evidence that the MFR represents the union of these two regions. It has a small spatial dimension of < 0.5 R E , a strong core magnetic field of > 50 nT, and an 20 intense axial current density of > 40 nA/m 2 with non-negligible current densities transverse to its axis.
Introduction
It is well recognized that the Earth's magnetosphere spans a huge volume in space.
Satellites only provide point-wise in situ measurements along their paths, yielding only scanty information about the space environment. Naturally, it is highly desirable to have several spacecraft available and to develop tools that allow one to extract 3D information from such multi-spacecraft observations (e.g. Glassmeier et al., 2001; Dunlop et al., 2002) . When this is not impossible, analysis tools are required that may enable extended 30 vision of space environment from single point measurements. Such a useful tool called Grad-Shafranov reconstruction has been developed by Bengt Sonnerup and his colleagues to examine magnetic flux ropes near the magnetopause, in the solar wind, and in the magnetotail (see Sonnerup et al., 2006 
for an overview). The technique is initially
employed to analyze data from a single satellite [Sonnerup and Guo, 1996; Hau and Sonnerup, 1999; Sonnerup, 2001, 2003; Hau, 2004, 2007] and is now extended to treat measurements from multiple satellites [Sonnerup et al., 2004; Hasegawa et al., 2005 Hasegawa et al., , 2006 Hasegawa et al., , 2007 . The assumptions in employing this technique were listed by Hau and Sonnerup [1999] , with additional caveats given by Hasegawa et al. [2007] based on tests with simulation data. 40
In this paper, we show the reconstruction of a magnetic flux rope adjacent to the magnetopause detected by the recently launched THEMIS (Time History of Events and Macroscopic Interactions during Substorms) mission [Angelopoulos, 2008] . Salient features of this structure, which cannot be directly measured by a single satellite, are extracted with the Grad-Shafranov reconstruction. The results provide strong evidence 3 that this plasma structure has connection to both the magnetosheath and the magnetosphere. The spatial dimension of the structure is small, ~0.5 R E . Its embedded core magnetic field is high at ~50 nT, accompanied by a strong axial current density with a peak at ~40 nA/m 2 and non-negligible transverse current densities.
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Benchmarking of the GS Solver
Background
As discussed in Sonnerup et al. [2006] , reconstruction of plasma configuration from observation by a single satellite is based on solving the Grad-Shafranov (GS) equation
assuming the structure to have a two-dimensional (2D) MHD equilibrium. The equation
where the transverse pressure is given by
The magnetic field vector B is related to the partial vector potential A(x,y) and the axial magnetic field B z by
The third dimension represents the direction along which the 60 structure changes much more gradually in comparison to the variation on the plane perpendicular to it. The GS equation is solved as a spatial initial value problem. We have adopted the procedure documented in Hau and Sonnerup [1999] in this work.
Benchmark With a Theoretical Model and IRM data
For benchmarking of the GS solver we have developed, we check out the code with the two test cases given in Hau and Sonnerup [1999] . The first one is a theoretical model in which the partial magnetic vector potential is given by
, where α = 0.225, the plasma pressure by 
THEMIS Observations and GS Reconstruction
Magnetic Flux Rope Detection
A magnetic flux rope was detected by the THEMIS satellites on May 20, 2007 [Sibeck et al., 2008] . Figure 2 shows the plasma and magnetic field measurements obtained by the electrostatic analyzer [Carlson et al., 2008] and the fluxgate magnetometer [Auster et al., 2008] , respectively, on THEMIS D during this interval with the satellite location given at the bottom. The GSE coordinate system is used throughout 5 this work unless stated otherwise. The satellite was in the magnetosheath at the start of the interval, indicated by the high plasma density, a relatively steady tailward plasma flow of ~150-200 km/s, and fluctuating southward magnetic field. At ~2157 UT, it 90 entered the magnetosphere with a low plasma density, much reduced tailward plasma flow, and a distinctly different magnetic field orientation and magnitude. This entry lasted for only ~2 min as it re-entered the magnetosheath. In the next ~5 min (~2159-2204 UT), the plasma density was high again. Within this time interval, there was a prominent feature with high magnetic field strength accompanied by a much reduced tailward plasma flow of ~100 km/s. This feature is shown in Figure 2 between the vertical dashed lines. The magnetic field components were distinct from those in the magnetosheath and the magnetosphere. The B x and B y components had a bipolar signature. These characteristics suggest the encounter of a magnetic flux rope (MFR). The MVA result indicates a well-defined B N axis, conforming well to a 2D structure. Figure 3b shows the results of the HT transformation for the interval 2201:30-2202:30 UT. The deHoffman-Teller velocity V HT is found to be (-91.8, 123.6, -33.6 )6 km/s. The correlation coefficient between -(VxB) y and -(V HT xB) y is 0.969, indicating the existence of a moving frame in which the structure fits well with a relatively steady state condition. The small slope for V-V HT versus V a (Alfvén velocity) shows the lack of fast flows in the transformed frame, again consistent with the steady state assumption for the structure. These results show that the observed structure has properties satisfying the assumptions for the GS reconstruction.
Reconstruction Results
Following the procedure documented in Hau and Sonnerup [1999] (magnetosphere branch), testifying that this structure represents the union of these two plasma regions.
The profiles of p and B z along the satellite path are shown in Figure 4b . The appreciable drop in p is accompanied by a substantial increase in B z , consistent with the trend for total pressure balance across the structure. The comparison between the observed and model values for magnetic field components is given in Figure 4c . The correlation coefficient is 0.9978, indicating that the agreements between these quantities 140 are extremely good.
Reconstruction Maps
The usefulness in the GS reconstruction lies in the extension of the measurements along the satellite path in a direction perpendicular to its path, producing a 2D map of plasma parameters. Such 2D maps for the partial vector potential, magnetic field components, plasma pressure, and current densities are shown in Figure 5 . The current density is derived from curl B using the same 2D approximation adopted for the GS reconstruction. The magnetic flux rope has a small spatial dimension of ~0.5 R E . The current density maps show the axial current density to be quite high, in excess of 40 150 nA/m 2 . Furthermore, the current density components on this XY-plane are not negligible either. The axial magnetic field is also quite high, in excess of 50 nT, and is associated with a low plasma pressure.
Summary and Discussion
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We have developed and benchmarked the software to perform the Grad-Shafranov reconstruction [Sonnerup et al., 2006 The fact that the magnetic flux rope is a union of two regions is consistent with the expected properties of a flux transfer event [Russell and Elphic, 1978; Lee and Fu, 1985] .
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The presence of a strong core field in the flux transfer event supports the earlier result of 180 Hasegawa et al. [2006] that it indicates component merging. Since the core magnetic field is larger than the field component seen in the magnetosheath and the magnetopause, this flux transfer event is consistent with the model proposed by Lee and Fu [1985] in which multiple reconnection sites are needed to generate the intense core field.
One important result from this study is that the surrounding current density components associated with the flux transfer event are shown to be quite significant, even on the plane perpendicular to its axis. 
